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Introduction
Over the last hundred years, many synthetic chemicals have been developed and used for different purposes in industry, agriculture, medicine and science. The use of these compounds has brought about many significant social and economic benefits such as various medical breakthroughs and an increase in agricultural crop yields. However, a number of these synthetic compounds have been released into the environment due to their widespread use [1] . As a result, different classes of TrOCs including endocrine disrupting chemicals (EDCs), pharmaceutically active compounds (PhACs), disinfection by products (DBPs) and personal care products (PCPs) have been found in leachate from landfill sites, ground water, surface water, drinking water treatment plants and wastewater treatment plants (WWTPs) effluents [2] [3] [4] . More recently, the occurrence at trace levels (usually at µg/L or ng/L levels) of these organic contaminants in different water resources has attracted the attention of both scientific and regulatory communities. Several of the compounds are suspected carcinogens, while others have estrogenic properties with the potential to adversely affect the endocrine system of biota [5, 6] . Therefore, the removal of these organic contaminants in water treatment processes is a high priority. As part of the approach to solve this problem, advanced treatment technologies are an essential component for the removal of the micropollutants in drinking water treatment and water reclamation processes [7] . In particular, NF and RO membrane filtration processes have demonstrated promising results and are an attractive technology for the rejection removal of EDCs, PhACs, and DBPs from the aquatic environment because of its high rejection efficiency for most these contaminants in water and wastewater, which can be achieved without the addition of other chemicals [8, 9] . In recent years, there has been widespread application of NF and RO for the effective rejection of TrOCs in the treatment of municipal wastewater and other water sources [10, 11] .
The rejection of TrOCs by NF and RO membranes can be governed by several mechanisms. These include size exclusion, adsorption onto the membrane surface, diffusion across the membrane, and electrostatic interaction [12, 13] . In addition, there are a number of factors which may influence their rejection including the physicochemical properties of the compounds, characteristics of the membrane, operating conditions and feed water composition [13, 14] . In particular, the feed solution pH can be considered one of the most important parameters influencing the hydrophobicity, the adsorption and the chemical speciation of dissociable organic compounds as well as the membrane surface charge during the experiment. Therefore, pH is expected to affect the effective rejection of organic compounds [15, 16] . In a major study of the rejection of estrone using NF and RO membranes, Schäfer et al. [15] concluded that adsorption is the major mechanism for estrone rejection at the initial stages of filtration and that rejection of estrone was considerable affected by solution pH above its pKa value. A number of previous studies had found that hydrophobic TrOCs were strongly adsorbed to the membrane over a relatively long period of time. At the initial stages of filtration, the overriding rejection mechanism for these compounds was adsorption. When the adsorption of compounds onto the membrane had reached equilibrium, size exclusion would then become the dominant rejection mechanism [17, 18] . Moreover, Braeken et al. [19] and Arsuaga et al. [20] observed a decrease in rejection with increasing compound hydrophobicity due to adsorption onto the membranes during filtration.
Additionally, Nghiem et al. [8, 21] found that the solution pH affected the hydrophobicity and net charge of selected PhACs and that this influenced their adsorption and rejection throughout the experiment by NF membranes. Furthermore, Boussu et al. [22] argued that charged TrOCs were better rejected at pH 10 than at pH 3. More recently, Schäfer et al. [23] reported that rejection of estradiol at pH 11 stabilised at 85 %, while at pH 7 rejection was only 60 %. This was attributed to the occurrence of charge repulsion between the negatively charged NF and RO membranes and the negatively charged estradiol, leading to greater rejection at pH 11 compared to pH 7. In another investigation, Verliefde et al. [12] suggested that rejection of negatively charged and neutral pharmaceuticals under different pH conditions in surface water using NF membranes was relatively high (>75 %), with rejection of negatively charged pharmaceuticals being typically higher. These results could again be attributed to the electrostatic interactions between these organic compounds and charged membranes. Although these recent studies have explored the removal of TrOCs by NF and RO membranes and underlying mechanisms under different pH conditions, the current understanding of the rejection of these compounds remains rather limited. Moreover, amongst the various rejection mechanisms, the influence of adsorption of organic compounds onto the NF and RO membranes is still difficult to quantify. Therefore, a complete understanding of the adsorption mechanism of trace organics onto NF and RO membranes as well as the effective rejection of these compounds in treatment processing is still a challenging issue and requires further study.
The objectives of the current work are to study the adsorption of the selected TrOCs onto the NF270 and ESPA2 membranes at different pH values (4.7, 7, and 11) and evaluate their effective rejection. Experiments were conducted using a laboratory scale cross flow NF/RO cell membrane filtration system with 16 selected hydrophilic and hydrophobic TrOCs. These compounds have a wide range of physicochemical properties and represent major classes of contaminant. The results enable the evaluation of the role of adsorption on rejection performance of trace organic compounds during NF and RO separation.
Materials and methods

Nanofiltration and reverse osmosis membranes
A loose NF membrane NF270 and a low pressure RO membrane ESPA2 were selected for this investigation.
The NF270 membrane was supplied by Dow-Filmtec (Minneapolis, MN) and the ESPA2 membrane was from Hydranautics (Oceanside, CA). According to the manufacturers, they are thin-film composite polyamide membranes with a high flux at low pressure and have been widely used in water and wastewater treatment processes. In addition, the application of these membranes to TrOCs rejection has been investigated by many researchers over recent years. The flat sheet membrane samples were stored dry.
The main characteristics of NF270 and ESPA2 membranes have been previously described in the literature.
NF270 membranes have a relatively smooth surface, reflected by its relatively low roughness value (8.55 nm) [24] , whereas the ESPA2 membrane exhibited large scale surface roughness (80.22 nm) [25] . Another parameter frequently used to estimate TrOC rejection is the pore size. According to Alturki et al. [26] , the average pore diameter of the NF270 membrane is 0.84 nm while the ESPA2 membrane may be assumed to have no pores at all.
On the other hand, it is interesting to note that the zeta potential characterization could provide a qualitative insight into the charge properties of the membrane active layer. According to Nghiem et al. [8] and Li et al. [25] , the isoelectric point values of the NF270 and ESPA2 membranes are around pH 3.5 and pH 4, respectively. They are consequently net positively charged when the pH of the solution is lower than this isoelectric point value, and are negatively charged when pH is higher. Therefore, both these membranes are negatively charged at all pH values used in the current study. These properties would be expected to significantly affect adsorption as well as rejection of several TrOCs during the experiment. These will be explained and discussed in detail in the sections 3.2 and 3.3.
Trace organic contaminants, analytical chemicals and reagents
The target TrOCs for this research have been chosen from the major classes of EDCs, PhACs and DBPs. They have diverse physicochemical properties such as hydrophobicity, charge, solubility, and molecular size. A stock solution was prepared at a concentration of 1 mg/mL in pure methanol. A working solution of these TrOCs was also prepared in pure methanol. Both these solutions were stored in a freezer at -18 ºC prior to use.
Chemical solutions and feed waters were prepared with Milli-Q water. Both the solvents used for solid phase extraction and analysis of samples including methanol and dichloromethane, purchased from Sigma-Aldrich (Sydney, Australia). Internal standard of bisphenol A-d 16 and N,O-bis (trimethylsilyl) trifluoroacetamide (BSTFA) containing 1 % of trimethylchlorosilane (TMCS). Pyridine used in the derivatization process. All reagents and chemicals were purchased from Sigma-Aldrich (Sydney, Australia.
Cross flow NF/RO membrane filtration system
A cross flow membrane filtration system used in this study (Fig. 1) . The system consisted of a stainless steel NF/RO membrane cell with an effective surface area of 40 cm 2 (4 cm × 10 cm) with a channel height of 2 mm, and a stainless steel feed reservoir of 10 litres. A Hydra-Cell pump (Wanner Engineering Inc., Minneapolis, MN) capable of providing a maximum pressure of 6,800 kPa and a flow rate of 4.2 litres per minute was employed. The temperature of the experimental solution was controlled by a chiller/heater (Neslab RTE 7) equipped with a stainless steel heat exchanger coil submersed in a stainless steel feed reservoir. A digital flow meter (Optiflow 1000, Agilent Technologies, Palo Alto, CA) connected to a PC was utilized to measure permeate flow, and the cross flow was monitored with a manual flow meter. 
Experimental protocol
All experiments were performed in background buffer solutions under three different pH conditions (pH 4.7, 7 and 11) and conducted over 24 hours. Before use, all the membrane samples were rinsed with tap water and Milli-Q water to remove any preservative layer. Subsequently, they were compacted using Milli-Q water at 1,000 kPa for the NF270 membrane and 1,800 kPa in the case of the ESPA2 membrane for at least one hour until a stable permeate flux has been obtained. The background buffer solution was then added to the feed reservoir, and made up to the total feed volume of 10 litres. For the experiment at pH 4.7, an acetate buffer solution containing 1 mM of CaCl 2 , 5.5 mM of CH 3 COOH, and 5.5 mM of CH 3 COONa was utilized. A phosphate buffer solution contained 10 mM of NaCl, 1 mM of CaCl 2 , and 1 mM of NaH 2 PO 4 was used for the experiment at pH 7. The pH 11 experiment was conducted in a carbonate buffer solution, which contained 0.2 mM of NaCl, 0.3 mM of NaHCO 3 , and 4.5 mM of The effective rejection was defined as R (%):
, where C f and C p were the feed and the permeate concentrations, respectively.
Adsorption of TrOCs (A, %) onto the membranes at the end of filtration stage was determined by mass balance:
, where C f1 and C f2 were the initial and final organic compound concentration in the feed solution, respectively.
Analytical methods
The were allowed to cool to room temperature before analysis by GC-MS [27] .
A Shimadzu GCMS-QP5000 system consisting of a Shimadzu AOC 20i autosampler and a Phenomenex Zebron The MS was obtained by electron impact ionisation in full scan mode from 50 to 600 of m/z, and later on in selected ion monitoring (SIM) mode for qualitative determinations. The most abundant ions of each organic compound were selected from its spectrum for quantification, in accordance with previous studies [28, 29] . A series of standard TrOCs at 1, 10, 50, 100, 500, and 1000 ng/mL and a bisphenol A-d 16 internal standard were prepared for the instrument calibration. The calibration curves obtained for each compound had correlation coefficients greater than 0.99. The detection limits and quantification limits for analytes were estimated with the signal to noise (s/n) ratio higher than 3 and higher than 10, respectively.
A Metrohm model 744 pH Meter was calibrated before beginning of an experiment and utilized to measure the feed solution pH for the duration of the experiment.
Results and discussions
Properties of trace organic contaminants
The major physicochemical properties of the target organic contaminants are shown in Table 1 . The compounds selected for this investigation exhibited considerably difference in their physicochemical properties. These compounds have low molecular weight, ranging between 138.12 and 314.42 g/mol for salicylic acid and 17βestradiol acetate, respectively. However, they are markedly different in their dissociation constants (pKa) and hydrophobicity properties. Most TrOCs are weak acids and will dissociate into an ionic form at pH above the pKa.
Based on the selected organic compounds pKa values listed in Table 1 , it can be seen that carbamazepine is The intrinsic hydrophobicity of TrOCs is a key factor governing their adsorption onto the membrane surface and their rejection by the NF/RO process [23, 30] . The hydrophobicity of TrOCs is often expressed as the logarithm of the octanol-water distribution coefficient, log D or the logarithm of the octanol-water partition coefficient, log Kow.
However, log D appears to be a better hydrophobicity indicator than log Kow and can be used to evaluate the hydrophobicity of TrOCs at any pH value [26, 31, 32] . This is because TrOCs often contain basic or acidic groups.
They can thus exist in a neutral form (unionised) or charged species (ionised) depending on the solution pH. For ionisable solutes, the hydrophobicity is dependent on the percentage of uncharged versus charged species, and thus it depends strongly on pH. Log Kow is defined only for neutral solutes and describe the partitioning of the neutral form between the aqueous and organic (hydrophobic) phases. Since log D is defined for all neutral and charged compounds and it reflects the true hydrophobicity behaviour of an ionisable compound in a solution at a given pH value or range. Log D can be calculated from the pKa and log Kow of TrOCs and it thus is accepted as one the principal parameter to evaluate hydrophobicity of TrOCs at any pH value [14, 33] . According to Wells [32] and Alturki et al. [26] , TrOCs with log D is equal 3 or higher are generally referred to as hydrophobic. TrOCs with log D is below 3 are referred to as hydrophilic. At pH 4.7, some of the TrOCs examined here are hydrophobic due to their high log D values (ranging from 3.03 and 6.14 for ibuprofen and 4-n-nonylphenol, respectively). Data in Table 1 indicate that the log D of salicylic acid, ibuprofen, gemfibrozil, diclofenac, pentachlorophenol, and triclosan 
Rejection of trace organics by NF/RO membranes
The difference in rejection efficiency of neutral and negatively charged TrOCs after 24 hours of filtration using the NF270 and ESPA2 membranes at three pH values of pH 4.7, 7 and 11 is illustrated in Fig. 2 and Fig. 3 . In most cases, the rejection efficiency of the TrOCs by the ESPA2 membrane was considerably higher than for the NF270 membrane. These rejection values were up to 98 % at pH 4.7 and were up to 100 % at both the pH 7 and pH 11 for the ESPA2 membrane, while the corresponding maximum values for the NF270 membrane were 86 %, 98 % and 99 % at pH 4.7, pH 7 and pH 11, respectively. These could be due to the NF270 membrane having larger pore size than the ESPA2 membrane. Because of the very small pore size of the ESPA2 membrane, TrOCs do not significantly penetrate into the membrane pores, resulting in their adsorption occurring mainly at the membrane surface.
Consequently, the diffusion of these compounds across the membrane was very limited, leading to the high rejection efficiencies observed. Consistent with these findings, William et al. [34] and Nghiem and Schäfer [35] observed that because of the narrow pores of RO membranes, hydraulic resistance reduced the penetration of trace organics, and adsorption could only occur at the surface of the membranes, resulting in a higher rejection. In addition, better rejection of TrOCs by RO compared to NF membranes has been reported in the literature [36, 37] . In general, rejection values for most negatively charged compounds were higher than the rejection values for neutral compounds at all experimental pH conditions for the two membranes. This is explained by the electrostatic repulsion mechanism. Negatively charged TrOCs exhibit a lower concentration at the membrane surface due to the charge repulsion, leading to a higher rejection whereas for neutral TrOCs, no charge interactions with the membrane surface exist. It was already reported in most investigations on electrostatic interactions that an increase in rejection of negatively charged compounds compared to neutral compounds by NF and RO membranes due to electrostatic repulsion between the negatively charged solute and the negatively charged membrane [12, 21] . It is however noteworthy that some hydrophobic neutral and hydrophobic negatively charged compounds with a high log D value showed lower rejections. Indeed, as illustrated by Fig. 2 and Fig. 3 mechanism. Hydrophobic TrOCs adsorbed onto the membranes, resulting in an increase partitioning of these compounds into the membranes and therefore a rise in transport through the membranes, resulting in a reduced rejection. Kimura et al. [38] and Hu et al. [7] concluded the same from their study.
Findings in this study also showed that there was a good correlation between rejection of hydrophilic neutral and hydrophilic negatively charged compounds with their molecular weight for both the NF270 and ESPA2 membranes at all pH conditions employed. Generally, larger molecular weight compounds have higher rejection than small molecular weight compounds on size exclusion grounds. These results confirmed the observations of Yangali-Quintanilla and coworker [39, 40] , who also demonstrated that there was a strong correlation between molecular weight and the rejection for hydrophilic compounds. Conversely, for hydrophobic neutral and hydrophobic negatively charged compounds, it was little or no correlation between their rejection with molecular weight. This can be attributed to mainly adsorption and electrostatic repulsion at high pH. This is in agreement with previous studies [14, 41] . Adsorption mechanism of hydrophilic and hydrophobic TrOCs onto NF and RO membranes will be discussed in detail in the next section.
Adsorption of trace organics to NF/RO membranes
Adsorption levels of both hydrophilic and hydrophobic organic compounds illustrated in Fig. 4 and Fig. 5 are listed in order of increasing log D. It can be observed that at all pH conditions for both the NF270 and ESPA2 membranes, most of the hydrophobic TrOCs significantly adsorbed onto the membranes after 24 hours of filtration, while the hydrophilic organic compounds exhibited much lower and more variable adsorption levels. They adsorbed much less compared to hydrophobic species and many compounds did not adsorb onto the membrane at all pH conditions employed. For example, except for some specific hydrophobic and hydrophilic compounds, adsorption levels of hydrophobic compounds approximately ranged from 14 to 94 % for the NF270 membrane and from 79 to 94 % in the case of the ESPA2 membrane at the pH 7. The corresponding values for hydrophilic compounds were approximately in the range of 0 -32 % for the NF270 membrane and in the range of 0 -12 % in the case of the ESPA2 membrane. These study results could be explained by the specific interactions between the TrOCs and membranes surface. The hydrophobic TrOCs showed significant affinity with the membranes, leading to an increased partitioning and a facilitated transport of them onto the membranes, resulting in their strong adsorption onto these membranes. In contrast, hydrophilic TrOCs have a lower affinity for the membranes, displayed by their relatively low log D values (< 3). As a result, they were adsorbed less compared to more hydrophobic species and many compounds did not adsorb to the membrane at the end of filtration stage at all pH conditions. These results were in general agreement with numerous previous studies [15, 21, 22, 42] .
However, it was somewhat surprising that there was no linear correlation between adsorption and log D of organic compounds as can be seen from the correlation coefficient values of R-Square in Fig. 4 and Fig. 5 . Several specific hydrophobic compounds showed lower adsorption levels, whereas higher adsorption levels of several hydrophilic compounds were also found in this investigation. In fact, the adsorption of several hydrophobic organics onto the NF270 membrane was observed to be lower than expected or showed no adsorption at all based on their log D value alone, namely 17β-estradiol (0 %) and 17α-ethinylestradiol (approximately 2 %) at pH 11. This trend was also similar to the adsorption of some hydrophobic compounds onto the ESPA2 membrane at this pH (eg 17βestradiol (0 %) and 17α-ethinylestradiol (about 3 %)). These findings can be supported by the studies of Boussu et al. [22] , who also reported that some exceptions exist where several specific hydrophobic TrOCs did not adsorb inappreciably onto NF and RO membranes. In addition further reason for this is that at the pH 11, all these compounds exhibited a net negative charge. Therefore, charge repulsion between the negatively charged compounds and the negatively charged membranes was expected to occur, and this may be one of the reasons for the decreased in adsorption of almost organic compounds under strong basic pH. These observations have been reported in several previous investigations [15, 43] .
In addition, for some specific hydrophilic compounds, particularly salicylic acid, there was quite strong [18] have shown that TrOCs adsorption was also related to the membrane pore size. Membranes with larger pore sizes allowed organic compound to access their internal adsorption sites, support layer and pore in addition to their surface, whereas access to these internal sites might be limited with tighter membranes. Hence, may be due to the average pore diameter of the NF270 membrane was markedly larger than molecular dimension of salicylic acid, which might allow more salicylic acid adsorption onto the membrane surface and within its structure. Apart from these, it is important to note that the ESPA2 membrane exhibited considerable surface roughness [25] . In general, a rough membrane surface morphology would result in more adsorption of TrOCs on the membrane due to the larger surface area, leading to more opportunities for molecular contact [18, 44] . Therefore, salicylic acid showed considerable adsorption to both these membranes at all pH conditions employed.
Conclusions
From the results obtained using the selected compounds, at the pH conditions employed, the rejection efficiency of most TrOCs was higher for the ESPA2 membrane than for NF270 membrane. This can be attributed to the fact that the pore size of the ESPA2 membrane is smaller than the NF270 membrane, and adsorption can only occur at the surface of the active layer. Among these compounds, many negatively charged compounds showed better rejection efficiencies compared to neutral compounds for both the membranes, due to electrostatic repulsion between solute and membrane. For negatively charged organic compounds, charge repulsion leads to a decrease in solute concentration at the negatively charged membrane surface, and consequently to a higher rejection. However, rejection of some hydrophobic neutral and hydrophobic negatively charged compounds with high log D value was observed to be relatively low. This can be due to the adsorption and diffusion of these compounds across membranes. Data in this study also clearly demonstrated that size exclusion might be a major rejection mechanism for hydrophilic compounds as shown by the significant correlation between rejection of these compounds with their molecular weight. There was no strong correlation between the rejection of hydrophobic compounds with their molecular weight. Rejection of these compounds therefore could be attributed to the importance of electrostatic repulsion at high pH in addition to the effect of adsorption.
Results reported here also show that the adsorption of many hydrophilic and hydrophobic TrOCs onto the membranes could be predicted based on their hydrophobicity, expressed as log D. For TrOCs with higher hydrophobicity as reflected by quite high log D values, their adsorption onto membranes after 24 hours of filtration was quite significant. However, there was no correlation between adsorption and log D of these organic compounds.
Especially for some hydrophilic and hydrophobic compounds, log D was not always the best tool to model their adsorption levels onto the membranes with time. Therefore, findings in this study has been suggested that other parameters, namely molecular size of compounds, charge repulsion between the negatively charged membranes and the negatively charged compounds as well as surface roughness properties and pore size of the membranes also had a considerable influence on the adsorption of TrOCs to the membranes.
